Human collaborative robots (HCRs) which work in a same place with peoples have become attractive in recent society. We have proposed a self-capacitance proximity and tactile skin sensor for HCRs. A structure of the sensor is simple because this sensor consists of two electrodes (E 1 and E 2 ) and an elastic body. A measurement system is also simple because only self-capacitance measurement is used to detect objects both before and after contact. In this paper, we produced ten-sensor system to cover a whole robot surface. This sensor can detect objects before contact, can detect pressures and positions after contact. In addition, we propose an operating method using the sensor for safety and workability of HCRs.
Introduction
Most of current robots are industrial robots that work mainly in factories. Many of work spaces of these industrial robots are separated from peoples by safety fences to ensure safety. Recently, human collaborative robots (HCRs) which work with peoples on a same work space have attracted attention. A workability and space saving can be expected when HCRs work in a same space of peoples. HCRs require various sensors for workability and safety in collaboration with humans. Among them, skin sensors covering an entire robot are important for detecting contact condition with objects.
An objective of this study is to establish a simplified system of proximity and tactile skin sensor for HCRs. Fig.  1 shows a goal image of the proposed sensor system on a HCR that is work with humans. The skin sensor increases a workability and safety of HCR because the skin sensor constantly measures a state of near the robot surface, and uses to avoid contact with objects including humans, and to intuitive operating the robot.
Recent years, several types of tactile skin sensors for robot have been developed (1) (2) (3) (4) (5) . Using optical element to detect the contact pressure has proposed (1, 2) . A cut-and-paste tactile sensors (1) which consist of the photo-reflector and urethane foam has network of self-contained modules consisting of tiny pressure-sensitive elements which communicate through a serial bus. A skin sensor using LED, photo transistor and silicone cap can detect three components of an applied force from contact (2) . Using capacitance measurement is proposed (3, 4) . A tactile sensor using two type of urethane form and electors can detects contact force and contact area (3) . A triangular modules capacitance skin sensor can detect pressure (4) . These sensors have a measurement IC in the sensor, and can be connected to other sensors to cover large area of a robot surface. A method of low wiring and high response speed has been proposed (5) . However, these tactile sensors are difficult to detect an object before a touch, and to avoid an object before contact. HCRs need to avoid a contact with objects using proximity skin sensors. Proximity sensors for a robot have been proposed (6) (7) (8) . A proximity sensor using optical element for low wiring and high response speed has been proposed (6) . The proximity sensor can detect an object and its center point before contact. A proximity sensor using capacitance measurement is proposed (7, 8) . However, these proximity sensor cannot detect a contact condition.
To detect an object both before and after contact, a proximity and tactile sensor are proposed (9) (10) (11) . A robotic skin sensor using optical element can detect an object before and after contact (9) . However, it may be difficult to separate a proximity state and a contact state because proximity and contact information obtain by same information. Also, a tactile and proximity sensor using mutual capacitance measurement can detect an object at proximity range and on a contact (10, 11) . However, a mutual capacitance measurement requires binary electrodes, and a structure flexibility of a sensor is thereby degraded.
We have developed a self-capacitance proximity and tactile skin sensor (12) . The self-capacitance measurement requires single electrode. The sensor structure is simple because the sensor consists of two measurement electrodes and an elastic body. The measurement system is also simple because only self-capacitance measurement is used to the measurement. The sensor on a robot can detect objects both before and after contact.
In this paper, we produced ten-sensor system to cover a whole robot surface. This sensor can detect objects before contact, can detect pressures and positions after contact. In addition, we propose an operating method using the sensor for safety and workability of HCRs. In this propose method, HCRs with sensors can be operated intuitive from sensor information without a teach pendant.
Principle
In this proposed method (12) , only self-capacitance measurement is used to detect an object both before and after contact. A self-capacitance is a capacitance between single measurement electrode and ground, and it is easy to change a size and a shape of a sensor. Fig. 2 (a) shows a schematic diagram of the proposed sensor. The sensor consist of an upper electrode (E 1 ), lower electrodes (E 2 ), and an elastic body. A self-capacitance between E 1 or E 2 and ground is measured by switching between E 1 and E 2 .
Figs. 2 (b) and (c) show an image of a proximity and contact measurement of the sensor. In Fig. 2(b) , E 1 is connected to a capacitance digital converter (CDC), a self-capacitance (C 2 ) of E 1 is measured (Connection A).
Here, E 2 is connected to a shield. In Fig. 2 (c), E 2 is connected to CDC, and a self-capacitance (C 1 ) between E 2 and E 1 which is connected to ground, is measured (Connection B). In connection A, when the object approaches the sensor, C 2 changes according to both a permittivity of the object and a distance between the sensor and the object. Thus, the sensor can detect the object using C 2 before contact. Furthermore, the sensor can distinguish a material in the object using C 2 upon contact. In connection B, when an object approaches the sensor, C 1 do not changes because E 1 connected ground. When the object touches the sensor, C 1 changes according to an indentation which is equal to a distance between E 2 and E 1 . Thus, the sensor can detect the contact condition using C 1 .Therefore, the sensor can detect an object before and after contact using the self-capacitance measurement (12) .
Prototype Sensors
A structure of a prototype sensor I shows in Fig. 3(a) , and Fig. 3(b) is shown prototype ten-sensor. In our design, E 1 is large to increase sensitivity at a proximity range, and E 2 is small to realize a high spatial resolution on contact. The size of the sensors is 150 × 75 mm (Sensors I, III, IX and X), 90 × 60 mm (Sensors II and IV), 60 × 70 mm (Sensors V and VII), and 140 × 80 mm (Sensors VI and VIII) for attachment to a robot arm (DENSO, VS-050). Here, Sensors I, III, VI, VIII, IX and X consist of 2 × 3 electrodes for E 2 and one electrode for E 1 . Sensors II, IV, V and VII consist of 2 × 2 electrodes for E 2 and one electrode for E 1 . A urethane gel (thickness: 2 mm, hardness: 0 (ASKER C), UG in Fig. 3(a) ) is set between E 1 and E 2 . A silicone sheet (thickness: 0.1 mm, Si in Fig. 3(a) ) is placed on the sensor surface to isolate E 1 from an object. A grounded electrode (G) and shield electrodes (S) are set on a back of the sensor and around E 2 to reduce electrical noise from a robot. Self-capacitances are measured by a measurement circuit (MC), which is attached to a side of the sensor to reduce electrical noise from wiring. MC consists of a capacitance measurement IC (Analog Devices, AD7147 is CDC), and an analog switch which changes an electrical condition of E 1 . Connection of A and B are continuously switched using a microcontroller and the analog switches. 
Results and Discussions

Proximity and Contact Measurement
The proposed sensor can detect an object both before and after contact (12) . We evaluated the proximity and contact measurements of the prototype sensors. Objects are grounded conductors (GND), which are human model, and acrylic. The size of the object is 30 × 30 mm. The object is set on P 2 of the sensor I. The distance between the sensor and the object is changed from 0 to 200 mm by the robot arm. The contact condition is measured by force gauge. Fig.  5(a) shows ΔC 2 of sensor I at proximity range, Fig. 5(b) shows the enlarged view of Fig. 5(a) , and Fig. 5(c) shows ΔC 1 of P 2 on sensor I at proximity range. Here, ΔC 1 and ΔC 2 are the variation in C 1 and C 2 . ΔC 2 changes according to the distance in Figs 5(a) and (b) . Thus, the sensor can detect object before contact using ΔC 2 . This sensor can detect an object (GND) within approximately 100 mm. Here, the proximity detection distance of an object depends on an electrical characteristic of the object and an overlap between the sensor and the object (12) . ΔC 1 does not change at non-contact, and ΔC 1 changes after contact. Thus, the sensor can detect the contact using ΔC 1 (12) . Fig. 6(a) shows ΔC 2 on contact, Fig. 6(b) shows ΔC 1 of P 2 on contact, and Fig. 6(c) shows ΔC 1 of each E 2 on contact when the object is GND. ΔC 2 in Fig. 6(a) changes according to the permittivity of the object. Thus, the sensor can discriminate between the grounded conductor and other objects. ΔC 1 changes according to pressure. Thus, the sensor can detect approximate pressure and its position (12) . Figure 7 shows ΔC 1 and ΔC 2 of all sensors when an object is a hand. Fig. 7(a) shows a position of the hand and the sensors. The hand approached the sensor (Fig. 7 B, C and E), a finger pushed the sensor (Fig. 7 D) , and two fingers pushed the sensor (Fig. 7 F) . Fig. 7(b) shows ΔC 2 , and Fig. 7(c) shows ΔC 1 . ΔC 1 and ΔC 2 are denoted in white in Fig. 7 when values are less than ±3 standard deviation (SD) lower than each value of air. In addition, ΔC 2 in Fig.  7(b) shows 3000 digits when the values are more than 3000 digits, and ΔC 1 in Fig. 7(c) shows 1500 digits when the values are more than 1500 digits. In Fig. 7(b) , ΔC 2 changes according to a distance at non-contact points (B, C and E).
Thus, the sensor can detect an object before contact (proximity range). In Fig. 7(c) , ΔC 1 changes according to a pressure and an object position when the object was pushed (D and F). In addition, ΔC 1 does not change without contact (A, B, C and E). Thus, the sensors can detect the pressure and the object position on contact. It takes approximately 61 ms to obtain one complete cycle of measurements (ten-sensor) with a data transmitting time from a microcomputer to PC. On the other hand, it takes approximately 35 ms to obtain one complete cycle of measurements (ten-sensor) without the data transmitting time from the microcomputer to PC.
Operating Method of HCRs using the Prototype Sensor
We propose an operating method of HCRs using the sensors on a robot. The sensors is attached on a surface of the robot arm (Fig. 8) . The operation is to improve safety and workability of HCRs because peoples and robots work in a same space without safety fences. A manual operation of a robot usually use with a teach pendant. However, professional knowledge is required for a worker to operate the robot with a teach pendant. To operate a robot intuitively, we use measurement data of the sensors on the robot surface. Fig. 9 shows an image of the operating method using the sensors. A robot speed is reduced or stopped when an object approaches the working robot ( Fig.  9(a) ). Thus, the sensors can improve a safety and functionality of a robot because the robot avoids unnecessary contact with objects, including humans. When a hand of a worker push one direction of the sensor, the robot moved based on a pressure and its position ( Fig.  9(b) ).
We evaluated the measurement of the sensors on the robot arm surface, and the operation of the robot using measurement results. In this study, we operate a robot as below. 1) When the sensor detects an object before contact, the robot is stopped until the object leaves. 2) When the sensor detects one direction pressure of an object, the robot is moved according to the pressure direction. Fig. 10 shows measurement results and operation results. A monitor in Fig. 10 projects ΔC 1 and ΔC 2 of each sensors. ΔC 1 and ΔC 2 are denoted in green in the monitor when values are less than ±3 SD lower than each value of air. A red arrow shows a pressure direction by a hand. A blue arrow shows a moving direction of the robot. Fig. 10(a) shows that the robot approaches the hand, and the robot stops when ΔC 2 of sensor III is changed, and the sensor (III) detects the object before contact. Fig. 10(b) shows that the hand push the sensor (III), the robot is moved according to a pressure direction (left side) when ΔC 1 of sensor III is changed. Also, Fig. 10(c) shows that the hand push the sensor (II), and the robot is moved according to a pressure direction (down side) when ΔC 1 of sensor II is changed. It was confirmed that the robot can be operated by these operations in real time. In addition, operation can be changed freely according to a setting, and operation functions can also be added. Thus, the proposed sensor can increase a safety because a robot can avoid an unexpected contact with an object including humans using sensors information. In addition, the sensor can increase functionality of a robot because the robot can be operated using the sensor without a teach pendant.
Conclusions
In this paper, we proposed the operating method of HCRs using the self-capacitance proximity and tactile skin sensor. This proposed sensor consists of two electrodes (E 1 and E 2 ) and elastic body. We produced the ten-sensor system on the same I 2 C bus line to covering the robot surface. The sensors on the robot surface can detect the object before and after contact. In addition, we proposed the following operation method. 1) When the sensor detects an object before contact, a robot is stopped until the object leaves. 2) When the sensor detects one direction pressure of an object, the robot is moved according to a pressure direction. Therefore, we think that the method is intuitive operation of HCRs without a teach pendant. The proposed sensors are thus applicable to tactile skin sensors for HCRs.
